Abstract -The objective of this work was to evaluate the association between estimates of adaptability, stability, and productivity in soybean (Glycine max), and to estimate the repeatability coefficient of these associations between years. A total of 22 genotypes were evaluated in 27 environments in the 2012/2013 crop season and in 19 environments in 2013/2014. In the next crop seasons, 28 genotypes were evaluated in 26 environments, in 2014/2015, and in 25 environments in 2015/2016, totalizing 97 trials. Fourteen methods were evaluated; Spearman correlation coefficients were obtained for the parameters of stability, adaptability, and productivity; and the repeatability coefficients, as well as the minimum number of required environments for a coefficient of determination of 80 and 90%, were
Introduction
Differences in soybean [Glycine max (L.) Merrill] genotype performance, when competition trials are conducted in different environments, are attributed to the genotype x environment interaction (GxE). The existence of GxE hinders the identification of superior genotypes, requiring adaptability and stability analyses to verify these variations and to allow greater security in the selection and recommendation of cultivars.
The methodologies described by Yates & Cochran (1938) (traditional method, TR), Plaisted & Peterson (1959) (PP) , Wricke (1965) (WR) , and by Annicchiarico (1992) (AN) are commonly used to evaluate phenotypical stability of crops. These methodologies are based on the analysis of variance, in which the estimates are expressed as mean squares and variance components (Carvalho et al., 2016) . Other methodologies use linear regression equations, where the dependent variable is expressed as a function of an environmental index that measures the quality of the evaluated environments. Among these, stand out those of Finlay & Wilkinson (1963) (FW) , Eberhart & Russell (1966) (ER) , and Tai (1971) (TA) .
The methodologies based on linear bissegmented regression of Silva & Barreto (SB) (Barreto, 1985) , Cruz et al. (1989) (CR) , and Storck & Vencovsky (1994) (SV) contemplate an indexing variable that allows to evaluate the behavior of genotypes in unfavorable and favorable environments, with negative and positive values of the environmental index, respectively. Other methodologies, such as those of Huehn (1990) (HU) and Lin & Binns (1988) modified by Carneiro (1998) (LB), fall within the class of non-parametrical analyses.
There are also two methods that use multivariate analysis: additive main effects and multiplicative interaction (AMMI) and genotype plus genotype by environment interaction (GGE). The AMMI analysis combines the analysis of variance of the main additive effects of genotypes and environments with the principal component analysis of the multiplicative effect of GxE (Ndhlela et al., 2014) . The GGE method combines genotype main effect (G) plus GxE in a biplot analysis, where the main effect of G is related to the average performance of the genotype, and GxE indicates stability in all evaluated environments (Yan et al., 2016) .
The number of available environments, the required accuracy, and type of the information target are criteria that should be considered for choosing cultivar indication methods with greater safety. Comparisons between methodologies of adaptability and stability analysis have been performed for several crops, such as corn (Bujak et al., 2014) , sugarcane (Paula et al., 2014) , soybean (Freitas Monteiro et al., 2015) , and wheat (Roostaei et al., 2014) . However, comparisons between methodologies based on linear bissegmented regression and AMMI and GGE biplot are poorly understood and require further studies. In addition, the coefficient of repeatability of these associations in different years of evaluation is not known. The lack of information on this variable over a sequence of years may make it difficult to choose the best method and reduce the efficiency of plant breeding programs.
The objective of this work was to evaluate the association between estimates of adaptability, stability, and productivity in soybean, and to estimate the repeatability coefficient of these associations between years.
Materials and Methods
Grain yield data from 97 competition trials of soybean genotypes, in four crop seasons, were used. The trials were conducted in the M1 and M2 soybean macroregions in Brazil (Table 1) . A randomized complete block design, with three replicates, was used.
Seed density was 30 seeds m -2 and base fertilization was 350 kg ha -1 N-P 2 O 5 -K 2 O (02-20-20) . Cultural practices were carried out according to the technical recommendations for this crop.
The joint analysis of variance and the F-test were performed in each set of trials (within the same year) in order to verify the existence of GxE and the percentage of genotypes that interact with the environment (Storck et al., 2016) . The parameters of stability, adaptability, and productivity for the genotypes of each trial were calculated with different methods (Table 2) . The methods based on the analysis of variance were those of: Yates & Cochran (1938) , or traditional, estimated by the mean square of the environment within each genotype (MS E/G ), where the higher the MS E/G , the lower the stability; Plaisted & Peterson (1959) , in which the stability index (W) is the arithmetic mean of the variance components between GxE pairs involving a given genotype, and the larger the W, the lower the stability; Wricke (1965) The methods based on linear regression were those of: Finlay & Wilkinson (1963) , Eberhart & Russell (1966), and Tai (1971) . In these methods, the higher the coefficient of the regression (b1), the greater the response to environmental variation and the greater the adaptability. Also, the stability parameters are estimated by the coefficient of determination (R 2 ) or by the variance of the lack of adjustment to the model (Vd). The greater the R 2 (or lower the Vd), the greater the stability of the genotype. The methods based on bissegmented linear regression were those of: Silva & Barreto (1985) , Cruz et al. (1989) , and Storck & Vencovsky (1994) . There are two regression coefficients as measures of adaptability in these methods: one for unfavorable environments (negative environmental index, b1) and one for favorable environments (positive environmental index, b12). The coefficient of determination is used as a measure of stability. In these methods, the use of the average yield of each genotype in general (mg), unfavorable (md), and favorable (mf) environments is recommended for the identification of genotypes adapted for the respective environments.
The methods of non-parametric statistics used in this study were those of: Huehn (1990) , which estimates the stability measures S1, S2, and S3; and Lin & Binns (1988) modified by Carneiro (1998) , which estimates the stability measures Pg, Pd, and Pf for general, (Zobel et al., 1988) . In the method based on the GGE biplot (Yan, 2001) , the measures of productive average (PC1), stability (PC2), and a parameter that analyzes mean and stability (Rank) jointly are used, ordering the genotypes in relation to an ideal, theoretical genotype, which would be the best for all evaluated environments. In order to verify the degree of association between the estimates for the set of trials, in each season, Spearman's rank correlation coefficient (r s ) was used among the 595 pairs of estimates (combination of 35 estimates, two-by-two). Therefore, four matrices (four seasons) of size 35 were obtained. Afterwards, the average matrix was obtained by calculating the mean between the r s of the four matrices. The repeatability coefficient was estimated as being Pearson's linear correlation coefficient, equivalent to the structural method between the pairs of Spearman's correlation matrices of each biennium.
When the correlation between two methods is high and positive, one method can replace the other; that is, they are concordant methods and both have the same indication of recommended genotypes. When the correlation is high and negative, there is disagreement of the classification ranks among the evaluated estimates. Finally when the correlation is null or low, the methods are independent. However, depending on the parameters under analysis, positive correlations represent disagreement between methods, and negative correlation represent concordance; thus, there is a necessity to interpret the usefulness of the values for each pair of the evaluated estimates.
The Genes software (Cruz, 2016) , a personal software compiled in Turbo Pascal for the discontinuous bissegmented method (Storck & Vencovsky, 1994) , the GGEbiplot software (Yan, 2001) , and the Microsoft Excel software were used for the analyses.
Results and Discussion
The joint analysis of variance showed a significant GxE for grain yield, in each macroregion and in both of them together (set), for the four years of trials (Table 3) . In all analyses, the variance between environments and the differences between genotypes were also significant. All genotypes significantly interacted (p<0.05) with the environment in three of the four crop seasons, and 96.4% in the remaining crop season, when the two macroregions were considered jointly (M1 + M2). Smaller percentages of genotypes interacting with the environment (CI) were found when the analysis was performed per macroregion. In six cases, CI was higher than 89% and, in two cases, CI was close to 68%.
The GxE reflects the differentiated behavior of the genotypes in different environments. Therefore, the indication of genotypes through adaptability and stability analyses is an adequate procedure, especially when this interaction occurs with the contribution of most of the genotypes under analysis. This GxE was also found in other trial sets (Cargnelutti Filho et al., 2007 , 2009 .
Estimates of Spearman's correlation coefficients with high magnitudes were found (Tables 4 and 5 (Table 6 ). For the biennium 2014/2015 and 2015/2016, r o varied from 0.570 to 0.924, considering estimates of stability, adaptability, and productivity in general (n = 35), and estimates of stability (n = 20) and of adaptability and productivity (n = 15) alone. The M2 macroregion presented the lowest values of r o , in both biennia, indicating that the environmental variability in the evaluated sites was higher than in the M1 region. The lower values of r o in the M2 macroregion make it necessary to have a greater number of sites to obtain a coefficient of determination equal to 80% (n 80 ) or 90% (n 90 ).
To obtain n 90 in the macroregions separately, in the set of macroregions and for each set of estimates, seven evaluation sites were needed in each macroregion per year of evaluation. Considering the high repeatability of the associations between years, in the two biennia, the mean of the correlation coefficients of the four years was used for the interpretation of the associations between the estimates of the yield, adaptability, and stability parameters.
The first set of estimates of the stability parameters with positive associations (mean of the correlations, r s = 0. use the stability concept in the dynamic sense since they are related to the productivity of the genotypes, which makes the cultivars indicated by these methods also the most productive ones. SVmg, SVmf, and SVmd also agreed regarding their respective estimates of stability by the LB method for general (LBPg; r s = -0.97), favorable (LBPf; r s = -0.84), and unfavorable (LBPd; r s = -0.87) environments. Therefore, the genotypes with the lowest LBPg, LBPf, and LBPd scores, and with higher AN parameters by the linear regression coefficients of ER and of segmented regressions (SB, CR, and SV), are the most indicated for recommendation and also the most (Silva & Duarte, 2006; Cargnelutti Filho et al., 2009 ). Cargnelutti Filho et al. (2009 pointed out that the high agreement of the LB and AN parameters with the average of grain yield indicates a possible inefficiency of these methods, since the recommendation of genotypes based on these parameters and the average of productivity is similar and, in this case, the effects of the GxE would not be considered.
Estimates of the stability parameters of PPW, WRW, ERd, and the variance of lack of adjustment of ERd, TAλ, HUS1 and HUS2, AMMI, and PC2 were also positively associated, indicating a high concordance between these different methods of analysis. This group of parameters uses the concept of stability in the static sense, since they do not consider the average yield of the genotypes. Similar results have been reported in other studies. Tadege et al. (2014) obtained an association of 0.98 between the WR method and the ERd regression deviations. Mohammadi et al. (2010) found positive associations, and with high repeatability between years, for the WRW, AMMI, and ERd methods. Roostaei et al. (2014) observed an association of medium magnitude (0.56) between the concepts of stability for AMMI and GGE. Cargnelutti Filho et al. (2009) , with competition trials of corn genotypes, verified total concordance (r s = 1.00) among the estimates of the PPW and WRW stability parameters, a result also obtained in this study (r s = 1.00). These authors also reported concordance of these parameters (PPW and WRW) with the estimates TAλ, ERR 2 , SBR 2 , CRR 2 , HUS1, HUS2, and AMMI, which are results very close to those found here. Therefore, the most stable genotypes are those with the lowest PPW, WRW, TAλ, HUS1, HUS2, and AMMI scores, and the highest ERR 2 , SBR 2 , and CRR 2 scores, which explains the negative correlation coefficients for the parameters based on the regression analysis.
The rank estimate obtained with the GGE biplot method makes reference to the ideal genotype, that is, the genotype that presents high average yield combined with stability in performance. This rank estimate was related (mean of correlations = 0.87) to the estimates of: LBPg, LBPd, and LBPf; ANWg, ANWd, and ANWf (-083); PC1 (-0.99); and productivity in general (SVmg), unfavorable (SVmd), and favorable (SVmf) environments (-0.84 ). This concordance between the Pesq. agropec. bras., Brasília, v.53, n.1, p.63-73, Jan. 2018 DOI: 10.1590/S0100-204X2018000100007 ranks and the other methods can be explained by the association of all parameters under analysis with the average grain yield, so that both have an association with each other.
The adaptability estimates based on the linear regression of ERb, FWb, and TAb showed a positive and exact association between each other (r s = 1.00). Therefore, only one of these statistics should be used, in order to avoid redundant information. In addition, the parameter SVb12 also showed a positive and exact association with CRb12, indicating the redundancy between them. Cargnelutti Filho et al. (2009) found an exact correlation between ERb and TAb; however, the correlations between ERb and FWb, and between TAb and FWb were r s = 0.50. The parameters ERb, FWb, and TAb were also positively associated (0.57) with the estimates of the first and second segment of the segmented regression methods: SBb1 and SBb12, CRb1 and CRb12, and SVb1 and SVb12.
The stability estimate of the traditional method (TR) was positively associated (0.85) to the adaptability estimates ERb and TAb. According to Cargnelutti Filho et al. (2009) , genotypes with ERb and TAb values lower than 1 are more suitable for unfavorable environments. Thus, the most indicated cultivars (lower scores) by the TR method are also the most indicated (lower scores) for unfavorable environments, as also reported by those authors. This positive association (0.85) was also Silva & Duarte (2006) . The high repeatability between the estimates of the adaptability and stability parameters obtained in the present study allows the safe indication of adequate methods for the identification of the best soybean genotypes for the different evaluated environments. In general terms, a repeatability of the associations was found between methods of adaptability analysis and productive stability. Several of the assessed methods have similar behavior over the years, in the soybean M1 and M2 adaptive macroregions, which increases the reliability of the comparison between methods. In this sense, the ANWg, ANWd, ANWf, ERR 2 , SBR 2 , CRR 2 , and SVR 2 parameters showed a high association with each other, indicating that it is possible to use only one of them to identify genotypes with dynamic stability. However, in the static sense, the choice should be made between one of the following parameters: PPW, WRW, ERd, TAλ, HUS1 and HUS2, AMMI, and PC2. As for adaptability, the choice should be between: ERb, FWb and TAb, SBb1 and SBb12, CRb1 and CRb12, and SVb1 and SVb12. As to the rank parameter, obtained with the GGE method, it refers to the ideal genotype (high production average and high stability) and is associated with LBPg, LBPd, LBPf, ANWg, ANWd, ANWf, SVmg, SVmd, and SVmf. This indicates that these methods measure simultaneously for yield and stability.
Considering the various parameters indicated for adaptability, stability, and productivity, there are methods that have parameters in more than one group, which could form a minimum set of methods to identify productive, adapted, and stable genotypes. In this sense, Eberhart & Russell and GGE biplot are considered two essential methods since they can encompass all aspects of interest of the breeder using a minimum number of methods. If more methods are to be used, those of Annicchiarico (1992) , Silva & Barreto (1985) , Cruz (1989) , and Storck & Vencovsky (1994) should be indicated. These methods allow evaluating the stability of genotypes for: general, favorable, and unfavorable environments (AN); adaptability in favorable and unfavorable environments (SB, CR, and SV); and average productivity in all environments and in favorable and unfavorable environments (SV).
Finally, the results obtained in this work with soybean mostly corroborate those of Cargnelutti Filho et al. (2009) with corn, indicating that there are methods that stand out in the evaluation of the parameters of adaptability and stability for different crops. Moreover, the results of both studies were obtained from experiments conducted in a large number of sites and over several years. In the work of Cargnelutti Filho et al. (2009) , 65 trials were conducted in three seasons. In the present study, data from 97 competition trials of cultivars conducted in four seasons were used. Thus, this work expands the knowledge of the behavior of the methods over the years, and makes it possible to indicate more clearly which methods are more efficient to identify highly productive, adapted, and stable genotypes.
Conclusions
1. Trial sets with seven environments in the soybean (Glycine max) adaptation macroregions 1 and 2, performed in one or two years, are sufficient to estimate the associations between parameters of adaptability, stability, and productivity.
2. The method of Eberhart & Russell and the GGE biplot are essential for the evaluation of productivity, adaptability, and stability in soybean because they are able to encompass these aspects using a minimum number of methods.
3. The methods of Annicchiarico (AN), Silva & Barreto (SB), Cruz (CR), and Storck & Vencovsky (SV) can be used to generate complementary information, Table 6 . Coefficient of repeatability (r o ) and minimum number of necessary environments, based on coefficients of determination equal to 80 (n 80 ) and 90% (n 90 ), per biennium and macroregion, on the association between 35 estimates of adaptability and stability parameters, and grain yield of soybean (Glycine max) genotypes. (1) Experiment site description in Table 1 . **Significant at 1% probability by Student's t test
